Introduction
Accelerator-produced radiation environments can, in principle, be extremely complex, and depend on a variety of parameters such as primary particle accelerated, energy, beam intensity, accelerator target, and quantity of shielding. At the very highest energies, the radiation fields show many similarities to that generated in the atmosphere by the primary cosmic radiation (Patterson et al., 1959) . Techniques of radiotherapy using fast neutrons, pions or heavy ions are under intensive study, 9 and, if successful, will add to the growing demand for particle accelerator installations at hospitals. The dosimetry of accelerator radiation in, or close to, the primary beam 10 is of principal concern to the accelerator user. A variety of techniques can be used to measure the primary radiation. A discussion of these is not within the scope of this section; the subject is discussed in some detail by Raju et al. (1969) .
Emphasis in this section is placed on both the prompt and induced radiation environment around partially or totally shielded accelerators. The prompt radiation environment includes both the nearby and distant radiation produced directly and immediately by the electromagnetic and nuclear interactions of the primary and secondary particles as they are attenuated in the material surrounding the accelerator. The induced radiation results from the radioactivity that is induced in the accelerator components and shielding and, because of the long lifetimes of some of the radionuclides produced, persists after the accelerator beam is turned off.
Experience has shown that under the conditions of partlal or total accelerator shielding, the dose equivalent delivered by particles other than neutrons and photons is usually negligibly small. One exception to this can be found at very high energies, where the contribution from muons may become important under certain circumstances. The radiation environment near many high-energy accelerators is rich in densely ionizing radiation caused by low-energy neutron-nucleus interactions. These neutrons produce protons and heavy recoils which are densely ionizing. Such high-LET radiations have a much greater bio-9 Boone and Wiley (1972) ; Raju and Richman (1972); and Tobias et al. (1971) . 10 Primary beam: The particles which are accelerated, regardless of whether they are the desired end product. 28 logical impact than have low-LET radiations at the low doses and dose rates of concern in radiation protection. The implications of increasing population exposures to high-LET radiations resulting from the application of particle accelerators and the use of high-flying aircraft for mass transportation need careful study. Furthermore, the application of accelerators in industry requires increasing understanding and control of accelerator radiation environments so that effective shielding may be designed at a reasonable cost.
Prompt Radiation Fields Near Accelerators
There are many similarities in the components of the radiation environments of electron and heavier particle accelerators, although the relative importance of the components may differ widely. Since very similar neutron spectra are produced outside the shielding of both electron and proton accelerators, the neutron contributions of both types of accelerators are considered together. This is followed by a description of neutron shielding experience at proton accelerators and a brief discussion of a method for converting from neutron spectra to dose equivalent index. Then the bremsstrahlung component, important for electron accelerators, is discussed. Finally, the muon component, important for very-high-energy electron and proton accelerators, is treated.
Neutrons
Although neutron production processes are different for electron and heavier particle accelerators, similar energy spectra are produced. For radiation protection purposes, these neutrons can be conveniently divided into two groups: fast neutrons and relativistic neutrons. 11 3.2.1.l Fast Neutrons. Fast neutrons are produced by a variety of processes: (y, n) reactions in the giant resonance region in the case of electron accelerators and evaporation neutrons from heavy 11 The following classification will be used for the purposes of this report: fast neutrons for energies from a few tens of ke V up to 20 MeV and relativistic neutrons for energies above 20 MeV. The latter are sometimes called high-energy neutrons in the literature.
particle accelerators. Included also in this range are neutrons from specific nuclear reactions such as (p, n), (d, n) and (a, n) on various materials.
The source strength for electron accelerators can usually be estimated by methods described in the literature (NCRP, 1954; Fuller and Hayward, 1976; Dealler, 1969; Seltzer and Berger, 1973; Price and Kerst, 1950) . Yield data for some of the most common nuclear reactions are given in NCRP (1954) and Patterson and Thomas (1973) . Evaporation neutron yields are given in Chapter 3 of Patterson and Thomas (1973) . Photoneutron cross sections have been compiled and are available in Berman (1975). In general, all of these processes yield isotropic neutrons. There is some bias toward forward directions, but it is usually not large enough to be significant for protection purposes.
In this energy range, neutrons give up their energy predominantly by elastic and inelastic scattering and are finally captured in the absorbing material. Since approximately 7 Me V, on the average, is given up to gamma rays during the slowing down and capture process, each neutron shielding problem becomes a gamma-ray shielding problem if the shield is thick enough. Some data on the captured gamma rays in thick shields are given in NCRP (1954) , Patterson and Thomas (1973) , and NCRP (1971) . Above 10 Me V, inelastic scatteri~g predominates in nearly all materials. At lower energies elastic scattering becomes more important, and below 1 Me V it is the principle process in hydrogenous materials (including concrete). NCRP Reports Nos. 31 (NCRP, 1964) and 38 (NCRP, 1971) contain useful neutron shielding data in this energy range. It should be noted that for electron accelerators below [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] Me V, if one shields for the bremsstrahlung with concrete, the neutron shielding will always be sufficient in the forward direction. This may not be true in the transverse direction, especially at the higher energies. At energies in the 50-100 MeV range, bremsstrahlung shielding with concrete will usually take care of the neutron shielding in the forward direction but there may be exceptions.
Reference is sometimes made in the literature to neutron attenuation or removal cross sections. These must be used with care and under conditions close to those in which they were measured. A usual requirement is that at least the final part of the shield be hydrogenous; otherwise, the energy of the neutrons may be reduced by inelastic scattering to an energy where a non-hydrogenous shielding material is very transparent and little further shielding is obtained. This is especially true of the heavy metals. One approach to the calculation of combined heavy metalhydrogenous material shielding is described by Dudziak (1968).
Relativistic Neutrons. The relativistic
neutrons come from cascade processes at proton accelerators and the pseudodeuteron interaction and pion production processes at electron accelerators. Less commonly, deuteron accelerators can produce relativistic neutrons by stripping processes. A review of the yield data for these processes is given in Figure 3 .1 (Patterson and Thomas, 1973) . The availability of angular distribution data is limited and dependent upon both target material and particle energy. Isotropy can usually be assumed below -50 MeV, with the distribution becoming increasingly peaked in the forward direction as the energy increases. Most of the available data are collected in Patterson and Thomas (1973) .
Attenuation of relativistic neutrons is characterized by an initial buildup of lower-energy nucleons followed by an approximately exponential attenuation. Various experiments have shown that the attenuation length increases with energy from the fast neutron range up to -100 Me V and remains essentially constant at higher energies. While the experimental data show considerable spread, a reasonable choice of values would be 120 g/cm 2 for earth or ordinary concrete. Some recent shielding calculations at high energies show considerable sophistication with extensive Monte Carlo and other computer computations involved. Surveys of experimental data and some of the calculations are given in Patterson and Thomas (1971) , Patterson and Thomas (1973), and Lindenbaum (1961) .
Both electromagnetic and nuclear cascades are initiated when a proton beam interacts with accelerator components. The characteristic relaxation length of the electromagnetic cascade, however, is significantly shorter than that of the nuclear cascade and, therefore, is of little significance in determining the character of the radiation field outside thick shields. Relativistic neutrons, on the other hand, are extremely important in propagating the radiation field. In Figure 3 .2, neutron inelastic cross sections are given as a function of energy. They are seen to decrease with increasing energy to an essentially constant (geometric) value above about 150 MeV. Consequently, it is evident that neutrons with energy above 150 Me V will ultimately control the radiation environment of proton accelerators above this energy.
From this discussion, it can be inferred that the variation of the radiation field with depth can be characterized by an attenuation length given by
where A is the molar mass of the medium, NA is the Avogadro constant, and ain is the inelastic cross section.
Measurements of nucleon-nucleus inelastic cross sections as a function of mass number, AN, are quite well represented by the formula the incident particle is a proton or neutron (Keefe and Scolnick, 1966; Schimmerling et al., 1973) . The substitution ofEq. (3.2) into Eq. (3.1) and the approximation of the numerical value of molar mass A by the mass number AN yields an expression for the attenuation length as a function of mass number:
Over the past fifteen years, many shielding experiments have been performed and the results have been critically reviewed (Patterson and Thomas, 1971 ) and compared with theoretical calculations (Ranft, 1972) . The most recent experiments indicate that the attenuation lengths calculated from Eq. (3.3) are consistent with available experimental data. The yield of low-energy neutrons increases as the energy of the primary proton increases. The greater yield, however, is more than compensated for by greater attenuation in the shield due to a higher cross section at low energy. Shielding studies have shown that the radiation field reaches an equilibrium condition beyond a few mean-free paths within the shield (Smith, 1965) . Deep in the shield, relativistic neutrons (E > 150 Me V) regenerate the cascade but are present in relatively small numbers. They are accompanied by the more numerous low-energy particles produced in interactions. The shape of the neutron spectrum observed at a shield/air interface is very close to that which exists within the shield, but it may be perturbed due to the scattering and leakage through holes in the shielding. This will produce an increased number of low energy neutrons in the vicinity of the holes.
3.2.1.3 Shielding Experience at Proton Accelerators. The earliest radiation studies were made at proton accelerators designed and utilized for fundamental research. Little was initially known of the radiation fields produced by these accelerators. As already mentioned, a wide variety of particles may be produced, extending over a wide range of energies, and their measurement presented some novel problems. It was natural for dosimetrists to turn to radiation detectors initially designed for nuclear research. With such detectors, a systematic study of the production and transmission through shielding of accelerator-produced radiation was possible. The subsequent understanding of accelerator-produced radiation provided a firm theoretical basis for radiation protection programs.
Experience at the 184-inch synchrocyclotron and Bevatron (Lawrence Berkeley Laboratory) and at the Cosmotron (Brookhaven) has allowed estimation of the qualitative nature of their radiation environments outside thick shielding (Patterson, 1957; 1965) . From the information obtained, a general rule has emerged for proton accelerators to the effect that neutrons between 0.1 and 10 MeV contribute more than 50 percent of the total dose equivalent in the radiation field; photons and low-energy neutrons contribute about 10-20 percent, with the balance made up by neutrons greater than 10 MeV in energy. The equilibrium neutron spectrum in the lower atmosphere, produced by the interaction of the primary galactic cosmic radiation (mainly protons), appears to be very similar to that generated in the shield of a high-energy proton accelerator (Patterson et al., 1959; Patterson, 1965; Tardy-Joubert, 1965; Smith, 1958 Smith, , 1962 Baarli and Sullivan, 1965b; Perry, 1966; and Komochkov, 1970) . For example, it has been noted (Tardy-Joubert, 1965 , 1967 ) that outside the 3 Ge V proton synchrotron "Satume" shield, the neutron spectrum above 50 Me V deduced from an analysis of the prong-number distribution of stars produced in nuclear emulsion, is consistent with the cosmicray spectrum measured by Hess et al. (1959) . The relative unimportance of protons is also explained by analogy with cosmic-ray radiation (Tardy-Joubert, 1965; Puppi and Dellaporto, 1952) . At energies greater than a few hundred Me V, protons are present in numbers comparable to those of neutrons; at lower energies, h.owever, the number of protons is depleted by ionization losses. At equilibrium the ratio of neutrons to protons is given by
where W is the total nucleon energy and moe 2 is the nucleon rest energy.
The relative contributions of neutrons of various energies and of other secondaries from shielding around the proton beam of the British 7 GeV proton synchrotron, Nimrod, are shown in Table 3 .1.
Often, however, data in the form given in Table  3 .1 are not entirely adequate. Thus, for example, Table 3 .2 gives the relative composition of dose equivalent measured through thick shielding above an accelerator target for a concrete shield and for an earth shield at the CERN proton synchrotron (CPS). The data obtained above the concrete shield (Baarli, 1964) are very similar to those reported at other accelerators, such as Nimrod (Perry, 1966) and, as mentioned above, suggest a neutron spectrum similar to that produced by cosmic rays (Patterson et al., 1959) . The data measured above an earth shield (Capone et al., 1965; Baarli and Sullivan, 1965a) , however, indicate a relatively large contribution to the dose equivalent by high-energy neutrons. Relative data, as presented in Table 3 .2, are not adequate to determine whether the high fraction of dose equivalent contributed by high-energy particles is due to a deficit of low-energy neutrons or to a surfeit of high-energy neutrons. For this, more specific information on the neutron spectra is necessary.
In the past ten years, information on the neutron spectra found around accelerators has accumulated by use of nuclear emulsions and activation detectors (Thomas, 1973) . Figure 3 .3 shows several typical unnormalized neutron spectra obtained outside thick shields at proton synchrotrons, where E <PE is plotted as a function of the logarithm of neutron energy [<PE is the differential energy spectrum]. In such a plot, a l/E spectrum becomes a horizontal line (Figure 3 .3a). The representation of the Hess-cosmic-ray spectrum (Figure 3 .3b) clearly shows the large excess of neutrons in the Me V region (due to evaporation processes) in comparison with a 1/E spectrum. At lower energies, the spectrum is IJE in character, but there is a noticeable dearth of thermal neutrons.
The neutron spectrum obtained above the concrete shielding around targets at the CPS is shown in Figure 3 .3c. (Compare with Table 3 .2.) The spectrum is seen to be l/E in character from about 1 Me V down to thermal energies. This would be expected from neutron slowing-down theory in a hydrogenous medium, such as concrete. At about 1 MeV, the evaporation peak, also evident in the Hess spectrum, is clearly seen, and the spectrum shows a rapid decline at energies above 50 MeV. Figure 3 .3d shows the neutron spectrum measured above the earth shield of the CPS. (Compare with  Table 3 .2.) This spectrum is depleted of neutrons Typical unnormalized neutron energy spectra obtained behind thick shields at several proton synchrotrons. Also presented for comparison are a 1/E spectrum and a neutron spectrum obtained from cosmic rays. (From Shaw et al., 1969.) below about 1 MeV, but, in other respects, is simi-·lar to the spectrum shown in Figure 3 .3c. The water steel-shielded proton beam of the British 7 GeV syntrons penetrated was very high (approximately 15 percent by weight). Thus, a paucity of low-energy neutrons is to be expected due to moderation of fast neutrons and their subsequent capture in the hydrogenous material.
The neutron spectrum outside the Bevatron shielding ( Figure 3 .3e) is intermediate in character between the two spectra measured at the CPS and suggests that the hydrogen content of the concrete at Berkeley is higher than that at CERN. Finally, Figure 3 .3f shows the spectrum around a steel-shielded proton beam of the British 7 GeV synchrotron (Nimrod). Compared with the other spectra shown, a large buildup of neutrons below 1 ke V is seen. This has been attributed to leakage of low-energy neutrons through holes in the shielding (Stevenson, 1973) . It is unlikely, however, that this is the entire explanation because such a buildup is frequently observed outside steel shields. For example, measurements of the neutron spectrum emerging from the main Bevatron magnet identified a very large component near 100 ke V (Patterson, 1957) and Perry and Shaw (1965) observed large increases in radiation levels when steel replaced concrete in shield construction. However, theoretical calculations of the neutron spectrum produced in steel by the interaction of 200 Ge V protons do not indicate a buildup (Gabriel and Santoro, 1972) . Such a discrepancy shows that although a fair understanding of high-energy environments has been obtained, several questions remain to be answered.
With the development of Monte Carlo techniques to calculate the electromagnetic and hadronic cascade phenomena, it has become possible to calculate neutron spectra. A good example of the agreement between theoretical and experimental data is the calculation of the neutron spectrum in the earth's atmosphere by Armstrong et al. (1972b) . These workers used a Monte Carlo code to compute the production of protons, charged pions, and neutrons by the incident galactic protons, and the subsequent transport of these particles down to energies of 12 Me V. The results of this calculation were used as an input to a second computer code to obtain the low-energy neutron spectrum. pheric depths of 200 and 1033 g cm -2 • The calculated and measured spectra differ somewhat at lower energies, but are in good agreement at high energies. The increasing number of such examples of good agreement between calculated and experimental data is encouraging.
At energies greater than 10 Ge V, more measurements are needed of neutron spectra outside various shielding materials in order to study the influence of shield construction. In particular, the behavior of the spectra above 100 Me V must be studied. At these higher energies, it may prove to be technically more feasible to detect the equilibrium proton spectrum. Penfold and Stevenson (1968) have reported the use of a proton telescope to detect intense sources of radiation inside thick shields along an external proton beam. The application of spark chambers to this problem should prove extremely helpful; Hajnal et al. (1969) have reported the use of an optical spark chamber to study the secondary-neutron energy spectra emerging from a 40-cm-thick iron shield bombarded by 2.9 GeV protons. Rindi and his coworkers (Rindi, 1969; 1974; Lim, 1973; and Mamont-Ciesla and Rindi, 1974) have described the construction of an instrument that utilizes multiwire spark chambers with magnetostrictive readout which may be used for measuring neutron and proton spectra up to energies of about 300 Me V in low intensity fields.
3.2.1.4 Conversion of Neutron Spectral Data to Dose Equivalent. When the energy spectrum of a neutron radiation field is known, an approximate value of the dose equivalent may be obtained by the use of conversion factors. The conversion factor g(E) is usually defined as the flux density of particles of energy E that produces a maximum dose equivalent rate of one mrem h-1 in the human body. In selecting a single set of particle-flux density to dose equivalent rate conversion factors as a function of particle energy, it is conventional to choose those irradiation conditions that maximize the dose equivalent in the body. These irradiation conditions generally occur for unilateral irradiation by a normally incident beam of particles. In addition, such conversion factors are derived from the maximum in the calculated dose equivalent depth distributions. Figure 3 .5 shows conversion factors for electrons, neutrons, photons, and protons as a function of energy derived in this way in ICRP Publication 21 (ICRP, 1973) .
In practice, it is usually necessary to evaluate dose equivalent due to particles distributed over a range of energies. In such cases, the dose equivalent rate fI may be approximated by the equation
where <PE is the differential energy spectrum, g(E)
is the appropriate conversion factor for particles of energy E, and Emin, Emax are the appropriate energy limits.
Because the conversion factors g(E) are derived from irradiation conditions which maximize the dose at each energy, the use ofEq. (3.5) may overestimate the dose equivalent due to a continuous particle spectrum. The equation thus expresses the sum of the maxima of the dose equivalent distributions from each component of the spectrum.
For irradiation by particles extending over a wide energy range, Shaw et al. (1969) have suggested that, in principle, the dose equivalent should be obtained by calculating the dose equivalent distribution in the body due to the entire spectrum. The maximum dose equivalent in the body (or the dose equivalent in any organ) may then be evaluated. They have reported such calculations for some typical accelerator neutron spectra (Figure 3 .3) and have shown that the use of Eq. (3.5) with these spectra was accurate enough for practical purposes. This may be seen from Table 3 .3, which compares effective conversion factors averaged over the entire energy range. Column 2 shows approximate values obtained by using Eq. (3.5) [reported by Gilbert et al. (1968) ); column 3 gives more precise values reported by Shaw et al. (1969) . The agreement between these two sets of values is sufficient for protection purposes. 
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Bremsstrahlung
The most important radiation produced by an energetic electron beam is the bremsstrahlung which results when the electrons are decelerated by striking matter. A spectrum of photons or x rays is produced which is continuously distributed in energy up to the maximum energy of the electrons. Bremsstrahlung production is often the reason electrons are accelerated to high energies, e.g., for medical radiation therapy, radiation processing in industry, and industrial radiography. Classical theory predicts that the bremsstrahlung cross section is proportional to (z 2 Z2/M 2 ), where Z is the charge on the atoms of the stopping material, z the charge of the particle (both in units of electron charge), and Mis the rest mass of the decelerating particle. Because of the (l/M 2 ) dependence, bremsstrahlung is most important for electrons and positrons. Superimposed upon the continuous bremsstrahlung spectrum will be the characteristic x rays of the target material, but these are not normally significant in radiation protection. Section 2 (Subsections 2.2.5 and 2.2.6) presents a discussion of the bremsstrahlung process. The bremsstrahlung spectrum is not easy to calculate, but it is usually sufficient for the health physicist to know that the intensity decreases monotonically with increasing energy, reaching zero at the kinetic energy of the electron. The attenuation of the x rays is determined by this maximum energy. Buildup factors and attenuation data for some common shielding materials are given in the literature. 12 The angular distribution of the bremsstrahlung is a function of the electron energy. At lower energies, the maximum intensity will be at nearly right angles to the direction of the electrons. As the electron energy increases, the x-ray emission tends to be more in the direction of the electrons. At energies discussed in this report, the maximum intensity is in the direction of the electron. The observed angular distribution at these energies is then a combination of the inherent angular distribution of the bremsstrahlung, the scattering of the electrons in the target before they radiate,. and the angular spread of the electron beam. For all but very thin targets, electron scattering is the dominant factor. As electron energy increases, the photons produced become energetic enough to produce energetic electrons via pair production which can, in turn, produce bremsstrahlung. These electromagnetic showers (Section 2.4) are the salient feature of the electron stopping process at high energies (Rossi, 1952) . To calculate the forward bremsstrahlung intensity for electron energies below 100 MeV, one can use the methods outlined in NCRP 12 NCRP (1954); NCRP (1964); NCRP (1977); and ICRP (1973). Report No. 31 (NCRP, 1964) . If one needs more information, it is usually necessary to make a Monte Carlo calculation (Berger and Seltzer, 1969) . By such calculations, it is possible to obtain the intensity, spectrum, and angular distribution from targets of any thickness. The detail attainable is limited only by the amount of computer time available. There are several useful general references on lower-energy electron accelerators, especially an early NCRP report (NCRP, 1954) and NCRP Report No. 31 (NCRP, 1964) . For higher energy, de Staebler et al. (1968) , Patterson and Thomas (1973), and Swanson (1977) provide useful information.
Muons
From the calculations of Drell (1960) and Ballam (1969) , it became apparent that a high energy, high intensity electron accelerator can produce large flux densities of muons by direct electromagnetic pair production. It also became quite evident that shielding considerations are very important at high energies due to muon production from electromagnetic cascade shower development in electron beam attenuating devices (such as beam dumps, collimators, targets, etc.). Below electron energies of 5 GeV, the muon contribution is usually dominated by the contributions of other particles; muons have been detected, however, at energies as low as 4 GeV (Bathow et al., 1967b) . Muons can also be produced through the decay of pions. This is usually the way they are produced around high-energy proton accelerators, although pion beams are also produced by electron accelerator facilities and one must not discount this as a potential shielding problem. In either case, the angular distribution of muons is peaked predominantly in the forward direction because, in pair production and in nuclear pion production, the transverse momenta are small, on the order of the momentum corresponding to the muon rest energy (105. 7 MeV). As an example, the characteristic angle (the angle where the intensity has dropped by a .factor l/e) for the production of 10 GeV muons is 10 milliradians, or about 0.5 degree. Consequently, muons are rarely a problem for transverse shielding (de Staebler, 1962) . On the other hand, they are a major problem in the forward direction as a result of their weakly interacting nature. That is, muons with energies less than, say, 50 GeV lose energy primarily by ionization, and, hence, a fairly well-defined range is associated with each energy. The range of muons of kinetic energy T is given in Figure 3 .6 for several shielding materials (Nelson, 1973) . Above 10 GeV, interaction mechanisms other than ionization and excitation start to contribute (Sections 2.2.1 and Range Im Fig. 3 .6. Energy vs. range for muons in various materials. (From Nelson, 1973.) 2.2.2) (Thomas, 1964) . It is seen from Figure 3 .6 that, in iron, the complete range of a 20 Ge V muon is about 13 meters. Fortunately, however, one does not usually have to shield completely since the muons spread both laterally and in angle as they multiplescatter and diffuse through the shield.
A comprehensive theoretical and experimental study of the production and the shielding of muons around electron accelerators has been made by Nelson (1973) , Nelson and Kase (1974) and Nelson et al. (1974) . The problems can be listed as follows:
(a) Photons are produced by an electromagnetic cascade shower initiated by the primary electron beam. (b) Muons, photo-produced with a distribution in energy and angle are incident upon a subsequent shield. (c) Muons with energies sufficient to penetrate the shield slow down and multiple-scatter to a new (wider) distribution at the end of the shield. The photon production can be described in a variety of ways, but the easiest is by means of an analytical expression for the photon track length in the shower (Nelson, 1973; Nelson and Kase, 1974; Alsmiller and Barish, 1969) . To a first approximation, one can make use of the Bethe-Reitler cross section for the production of electron-positron pairs, modified to take into account the difference in the electron and muon rest masses. A much better formulation has been developed by Kim and Tsai (1972) which uses form factors to take into account the fact that the nucleus cannot be considered a point charge in muon pair production. At large momentum transfers, corresponding to close encounters, the cross section is reduced by the form factors. The slowing-down and scattering of the muons are generally treated as a diffusion process and the mathematical treatment is the same for either electron or proton accelerators (Alsmiller et al., 1971) .
As an example of the order of magnitude of the shielding requirements for muons, a 20 GeV, 10 kW, electron beam that is totally absorbed in a beam dump will produce an absorbed dose rate in tissue, through 5 meters of iron in the forward direction of 10-2 Gy h-1 (1 rad h-1 ). The dose is entirely due to muons. Furthermore, it takes 0. 75 meter of steel to reduce the intensity by a factor of 2 (Nelson, 1973) . Since muons are low-LET particles and produce no high-LET secondaries, they have the same quality factor (Q) as photons (unity).
At energies greater than about 10 Ge V, the production of energetic muons can be sufficiently great to pose a serious shielding problem at both electron and proton accelerators. Cowan (1962) reported that substantial muon intensities were observed downstream from targets when the BNL 33 Ge V AGS first came into operation. Several authors, including Keefe (1965 ), Bertel et al. (1971 ), Theriot et al. (1971 ), and Kang et al. (1972 , have shown that for the new generation of proton accelerators above 100 Ge V, muons will dominate shielding requirements in regions downstreams of beam targets.
Prompt Radiation Environment at Large
Distances From Accelerators High-energy particle accelerators are intense sources of radiation and can produce significant increases above natural background levels at quite large distances. The term "skyshine" was coined when high radiation levels were observed around accelerators with little or no roof shielding. Such background is largely due to the backscattering of radiation from the atmosphere -hence, the name.
Although skyshine has not been a serious problem at those high-energy accelerators provided with thick roof shields, it can present a limitation to the operation of accelerators with thin or no roof shielding. Experience suggests that some overhead shielding is required for essentially all accelerators that create neutron source strengths greater than about 10 9 s-1 (Patterson and Thomas, 1973) . Thus, for example, at a location situated 500 meters from, and in direct line of sight of, an accelerator shield emitting ~5 x 10 9 s-1 , a neutron flux density of ~10-1 cm-2 s-1 -or roughly an order of magnitude higher than that due to cosmic rays -would be detected.
Jenkins (1974) has reported radiation measurements around the 20 Ge V electron linear accelerator at Stanford, where neutrons are the dominant component of the radiation field at large distances. He shows the great difficulty in interpreting experimental data by existing theoretical or empirical models.
A recent review paper by Rindi and Thomas (1975) summarizes the present state of skyshine knowledge.
A large body of experimental data exists, but attempts to develop some general understanding are fraught with difficulties. The experimental data that are available have been obtained under diverse conditions. The techniques of measurement reported in the literature are varied. No systematic studies have been reported, but the shadowing effect of buildings and hills is often invoked to explain depressed radiation levels. Inside buildings with substantial walls, the neutron flux density will also be considerably reduced.
The difficulties in interpreting the experimental data are enhanced by the absence of an adequate unifying theoretical model. All of the measurements reported to date have been obtained near the shieldair interface (distances up to approximately 1000 meters from the accelerator). Significant changes in neutron spectrum with distance from the accelerator are to be expected under some circumstances. These changes in neutron spectra can, in turn, significantly influence the variation of neutron flux density and dose equivalent rate with distance. One generalization may be made, however, for all high energy accelerators at which measurements have been reported: the decrease of neutron flux density with distance is at least as fast as inverse square.
Any adequate theoretical treatment must include a discussion of both the diffusion of fast neutrons and the transport of the relativistic neutrons emerging from the accelerator.
The earliest theoretical treatment of the subject by Lindenbaum (1957 Lindenbaum ( , 1961 and others (Williams, 1957; Panofsky, 1957) considered only the transport of fast neutrons. These early phenomenological approaches have subsequently been improved by Monte Carlo calculations. Thus Kinney (1962) used a Monte Carlo analysis for the transport of neutrons of various source energies up to 10 Me V at an air-earth interface. Ladu et al. (1968) have also carried out Monte Carlo calculations considering an isotropic point source of 5 Me V neutrons at an air-earth interface.
As we have seen, any theoretical treatment which discusses low-energy neutron diffusion is incomplete and it is questionable, therefore, whether the agreement of experimental data with low-energy theories is of any consequence. Any test of the Lindenbaum formalism must require an absolute measurement of the source intensity and neutron flux density as a function of distance. Relative measurements of flux density or dose-equivalent rate are a poor test of any model because the dominant factor in reducing radiation intensity is the inverse square law. As Moyer (1962) noted, the spatial dependence of flux density of both low-and high-energy neutrons emerging from the accelerator and its shield are similar for distances up to at least 500 meters.
No complete treatment of high-energy neutron transport for skyshine has yet been developed. Stevenson (1972) has reported fair success in describing the qualitative behavior of measurements made at CERN and Brookhaven with a computer code named ASPIC. In this program, the inelastic interactions of high-energy neutrons with air nuclei were treated by a simple analytic and Monte Carlo calculation. High-energy neutrons were assumed to be emitted isotropically into the upper hemisphere. These highenergy neutrons were assumed to interact with a mean free path of 100 g cm-2 (850 meters), producing a number of low-energy neutrons having a mean free path in air of 20 g cm-2 (150 meters). Further work is needed along these lines.
In the absence of any unifying theory, the following conclusions can be drawn: l. At low-energy accelerators, or at high-energy accelerators with no roof shielding, the Lindenbaum theory, or the low-energy calculations of Kinney (1962) where a is a constant, Q n is the neutron source strength, r is the distance from the source, and ,\neut.air is the attenuation length of neutrons in air. At large distances ,\neut.air is expected to approach a value of approximately 110 g cm-2 (850 meters).
At all accelerators, if variation of flux density
is expressed in the form <J>(r) = kr-n, with k a constant (3.7)
n is always greater than 2.
Induced Radioactivity
Although the prompt radiation fields of accelerators present a complex dosimetric problem, the greater part of radiation exposure to accelerator workers results from the radioactivity induced in the accelerator structure. This exposure occurs during necessary operation and maintenance of the accelerator.
The development and transport of the electromagnetic and hadronic cascades (see Section 2) also results in the production of radioactivity in accelerators and their surroundings. Accelerator shielding and accelerator components such as targets, vacuum chamber, magnets and rf cavities, cooling water or ground water close to the accelerator buildings, and air in the accelerator room may all become radioactive to some degree. Barbier (1969) has summarized the mechanism for the production of radioactivity at high-energy accelerators. In principle, all of the nuclides that have atomic mass and atomic number equal to, or less than, the sum of the numbers of the target plus projectile nuclei can be produced. Many of the radionuclides that can be produced have half-lives so short that they need not be considered in connection with protection problems.
Radioactivity of Accelerator Components and Other Solid Materials
The number of radionuclides that might be produced is very large. Fortunately, the materials used in accelerator construction are limited in number, the most important being iron, several stainless steels, copper, aluminum, aluminum alloys, and several plastics. Charalambus and Rindi (1967) have constructed a table of the main radionuclides that can be produced at a typical proton accelerator. They considered only radionuclides with a half-life longer than one hour and showed that about 70 percent of them are gamma-emitters. However, even shorter half-lives may be of concern for protection purposes if they are produced in large quantities. Table 3 .4 summarizes the radionuclides commonly identified in materials used in accelerators; those with half-lives of less than 10 minutes are excluded. Most of the radionuclides listed are produced by simple nuclear reactions such as (n, xn), (p, xn), (p, pn) etc., but some result from spallation, fragmentation, or capture reactions.
Several measured cross sections for high-energy reactions have been reported by Bruninx (1961 Bruninx ( , 1962 Because the number of radionuclides produced in accelerator components is large and accelerator operation often variable, the production and decay of gross radioactivity is a complex function of time. Nevertheless, for radiation protection purposes, it may be necessary to have some estimate of the dose rate, and its variation with time.
The decay of dose rate near the 600 Me V CERN synchrocyclotron has been reported by Baarli (1962) and Rindi (1964) . Reliable experimental data of this type are few because of the difficulty of obtaining them at most accelerators. During periods of accelerator shutdown, gross changes in the remnant radiation field may result from structural changes in the accelerator and its shielding. What data are available, however, show that beginning a few minutes after the shutdown, the exposure rate decays by about a factor of 2 in the first 2 hours and by about another factor of 2 within the next 50 hours. This is in agreement with measurements of all the accelerators at the Lawrence Berkeley Laboratory (Boom et al., 1961) and elsewhere. Indeed it seems confirmed by general experience that the gross features of the decay of induced activity near accelerators that have been in operation for several years are nearly independent of the type of particles accelerated and their maximum energy. Sullivan and Overton (1965) have shown that the exposure-rate decay may be approximated by an equation of the form
(3.8) where X (t) is the exposure rate at time t after irradiation ceases, <P is the flux density of highenergy primary particles, t; is the irradiation time, and B is a parameter which depends on several variables, but is a constant for any given set of irradiation, target, and geometrical conditions. Eq. (3.8) is·in good qualitative agreement with the form of the buildup and decay of dose rates observed in an accelerator environment, and Sullivan (1972) has reported values of B for heavy materials that give reasonably good absolute agreement with observation. More accurate calculations require detailed Monte Carlo techniques of the type used in shielding calculations. Armstrong and Alsmiller (1969) have calculated the dose rate resulting from the irradiation of steel by 200 Me V, 3 Ge V, and 200 Ge V protons. For long irradiation times, they find that 52 mMn (21min), 5 6Mn (2.6h), 5 2Mn (5.6d), 4 8V (16d), 5 1Cr (28d), and 5 4Mn (300d) are the dominant radionuclides. These calculations are supported by recent observations at the 76 Ge V proton synchrotron in Serpukhov (Golovachik et al., 1969) .
At electron accelerators, too, only a few nuclides are dominant. For example, Saxon (1969) reports that at the 4 Ge V electron synchrotron NINA, 56 Mn, 52 Mn, and 48 V are dominant in steel. Similar results have been reported by Wyckoff (1967) from exposure to the 100 MeV bremsstrahlung beam of the U.S. National Bureau of Standards linac. de Staebler (1963) has estimated the maximum amount of radioactivity produced by a high-energy electron accelerator to be some 34 Ci, at saturation, per kW of beam power.
Radioactivity of Air
Radioactive gases are produced by the interaction of primary and secondary particles with the nitrogen, oxygen, argon, and carbon nuclei of air circulating in the accelerator vaults. In Table 3 .5 are shown the radionuclides that have been found in the air at different accelerators. Radionuclides with half-lives less than one minute are of little or no concern, decaying to negligible activities before personnel can enter the accelerator room or before the air can reach populated areas around the accelerator. Longlived activities, on the other hand, may be discounted because of their low production rate. Such arguments, supported by the measurements cited in Table  3 .5, suggest that at ·existing accelerators only four radionuclides need be considered: 1 'D, 1 3N, 1 1C, and 41 A. A further increase in the energy or in the intensity of accelerators, however, could cause the production of amounts of 7 Be and 3 H which may be important.
Presently, the concentrations of radioactive gases measured in the accelerator room a few minutes after shutdown may range between 10 and 30 times the maximum permissible concentration (MPC) for continuous inhalation (Rindi and Charalambus, 1967) . However, the air often mixes rapidly with inert air and, in this case, the radioactive concentration decays rapidly so that the associated dose rate is negligible compared to that from the solid machine parts.
Radioactivity of Water
Radioactivity induced in cooling water circuits of high-intensity accelerators is potentially of concern because of the high dose rates around pipes carrying this water, radioactive contamination that might result from spills, and disposal problems. Rose et al. (1958) reported that external dose equivalent rates up to 100 mrem/h were found at various regions close to the cooling system of the Harwell 150 Me V cyclotron when it was operated with an internal beam of about 1 µ, A. Warren et al. (1969) have reported dose equivalent rates of between 0.5 and 4 mrem/h from cooling water circuits along the accelerator structure of the Stanford 20 Ge V electron linear accelerator. Considerably higher levels are found from heat exchangers for high-power beam dumps-rates.up to 120 mrem/h being observed. Distenfeld (1964) has concluded from measurements at the Brookhaven AGS that, for a proton flux of 10 13 s-1 , the external radiation hazard from induced activity in cooling water would be trivial. However, the dose rate from large volumes of water, such as heat exchangers or storage tanks, would be measurable during accelerator operation. Some rough experimental studies of the production of radionuclides in water from typical high-energy neutron spectra (Stapleton and Thomas, 1967) have confirmed 11 C, 1 Be, and 3 H as the most important ones produced. The ratio of the specific activities of tritium and 7 Be extrapolated at saturation in samples of water irradiated under several different conditions varied between 1.3 and 5.8. Disposal of irradiated water to streams would generally be controlled by the tritium content, since 7 Be is strongly absorbed in the mixed bed resins used for demineralizing the waters (Busick and Warren, 1969) .
For high-energy electron accelerators, studies of the radioactivity produced in water (Warren et al., 1969) have identified 1 'D, 1 1C, and 7 Be as the most important radionuclides.
